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. Discovering and engineering electrocatalysts is therefore a crucial step in the development of a carbonneutral economy based on renewable fuels. The problem is that we often don't know how electrocatalysts work at the molecular level, or even where on the catalysts' surface reactions take place. On page 74, Pfisterer et al. 2 report that the structure and location of the active sites on electrocatalyst surfaces -the positions at which the catalytic rate is the fastestcan be directly imaged with nanometre-scale resolution.
Heterogeneous (solid) electrocatalysts have many applications, notably in fuel cells, where they oxidize hydrogen gas to produce protons (H + ions) and reduce oxygen gas to water, generating electricity as the overall output. Electrocatalysts are also used to make hydrogen gas from water, liquid hydrocarbon fuels (such as methanol) from carbon dioxide, and fertilizer (ammonium nitrate) from nitrogen gas. But many electrocatalytic processes have efficiencies much lower than their thermo dynamic limits, because of the slow kinetics of the catalytic reactions. Learning how to design faster electrocatalysts is therefore an important challenge in science and engineering.
Yet understanding electrochemical reactions on solid surfaces has been difficult. First, there is a lack of analytical tools that can follow molecular reactions on surfaces while the catalysts are working. The development of new analytical techniques is thus imperative 3 . Second, small changes in an electrocatalyst's surface structure can have drastic effects on the reaction rate -and even apparently perfect surfaces on single crystals of an electro catalyst contain a variety of defects. Consequently, a few active sites, often located at these defects, catalyse essentially all of the chemical reaction. The analytical tools used to understand heterogeneous electrocatalysis must therefore not only provide atomiclevel information about the structure at the surface of a catalyst under electrochemical conditions, but also distinguish between the majority of inactive sites and the minority of active ones.
The invention of scanning tunnelling microscopy 4 (STM) in 1981 enabled the direct observation of surface structures at the molecular scale. STM operates by scanning a sharp metal tip over a surface while recording a current that results from the 'tunnelling' of electrons between the tip and the sample under an applied voltage. Variations in the measured current form the basis of the image. But although STM is a powerful method for imaging surface structures, and in some cases reactivity 5 , it has not been used to directly map catalyst activity in situ or under electrochemical conditions.
A complementary technique known as scanning electrochemical microscopy 6 (SECM) was reported in 1989, and does allow surface catalytic reactivity to be mapped. In SECM, electrocatalytic products are sensed by reacting them electrochemically on a small metal electrode that is scanned over the electrocatalyst surface. Optimization of the experimental conditions, especially the development of nanoscale electrode tips, has enabled researchers to map the catalytic activity
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Catalytic hotspots get noisy
Identifying and imaging catalytically active sites on solid surfaces is a grand challenge for science. A microscopy technique has been developed that images 'noise' to detect active sites with nanometre-scale resolution. See Letter p.74 2 studied a process in which protons (H + ions, which come from an electrolyte solution) react with electrons (e − ) from a platinum surface that is under an applied negative electrochemical potential (not shown) to produce hydrogen gas. Such reactions occur at catalytically active sites, depicted here as steps between terraces of atoms on the metal surface. The authors applied a voltage to the platinum surface to begin the reaction, and simultaneously measured the current generated by the tunnelling of electrons between the tip of a scanning tunnelling microscope and the sample as the tip was moved across the surface. b, The continual adsorption and desorption of reactants and products at the step edge under electrochemical conditions alters the tunnelling parameters, increasing the noise level in the current signal. This identifies the step edges as active sites. 1 identify two membrane-spanning GLUTAMATE-RECEPTOR-LIKE proteins (GLRs) that are indispensable for sperm orientation in the moss Physcomitrella patens. In addition, the authors provide evidence that these channel proteins target the transcription factor BELL1 to control early embryonic development more generally.
There is considerable interest among plant researchers in analysing the function of GLRs, which control the passage of calcium ions (Ca
2+
) across plant-cell membranes. However, such analysis has proved difficult, because the gene family that encodes these proteins is typically large 2 . By contrast, the genome of P. patens encodes only two GLRs, PpGLR1 and PpGLR2, a low level of complexity that makes it possible to modify the GLR genes and explore their function.
Ortiz-Ramírez et al. generated P. patens mosses that lacked PpGLR1 or PpGLR2, or both. They found that these mosses showed severe defects in fertility in crossing experiments in this usually self-fertilizing species. The authors therefore developed a neat in vitro sperm-navigation assay to analyse sperm chemo taxis in the mutant plants and in wild-type controls.
They observed that, following release from the male sex organ (the antheridium), wild-type sperm moved in a spiral motion at an average speed of 16.7 micrometres per second. Approximately 1 in 50 sperm successfully contacted the opening of the female sexual organ, the archegonium. Of these, half managed to enter the organ.
Sperm lacking both GLRs were much less efficient at targeting and entering the archegonium opening. Interestingly, however, the mutants moved faster than wild-type sperm, with an average speed of 23.2 μm s −1 . The authors suggest that this difference arises because the loss of GLRs prevents the sperm from detecting or responding to chemoattractant signals from the archegonium; these signals could cause changes in direction that decrease speed.
This finding parallels observations in marine invertebrates 3, 4 , in which a reduction in extra cellular Ca 2+ concentration rendered sperm unable to change direction but had little effect on straight swimming. In agreement with a role for Ca 2+ signalling in sperm orientation in mosses, Ortiz-Ramírez et al. found that the mutant moss sperm had lower cytoplasmic Ca 2+ concentrations than their wild-type counter parts.
Next, the authors analysed the passage of Ca 2+ across cell membranes in wild-type and GLR-deficient cells, and in cells that of single gold nanoparticles 10 nanometres in diameter 7 . However, the resolution of SECM is fundamentally limited: as the tip is moved closer to the surface to increase resolution, direct electron transfer to the substrate dominates the current signal, drowning out the electrochemical current that is used to map catalytic activity 8 . Pfisterer and colleagues' technique combines STM's ability to achieve molecular resolution with SECM's ability to monitor where products evolve from a catalyst's surface in situ. In princi ple, the method is simple. A scanning tunnelling microscope in an electrochemically active environment is scanned across a catalytic surface and the tunnelling current is measured, as in conventional STM experiments. But when a voltage is applied to the catalyst such that it starts generating a reaction product, the microscope measures increased 'noise' in the tunnelling current if the tip is over an active site (Fig. 1) .
The increased noise originates from changes in the STM current due to the local evolution of products -hydrogen gas, in the case of Pfisterer and co-workers' study. The products randomly modify the tunnelling barrier through which electrons must pass to be measured as STM current. Hence, the tunnelling-current profile differs on catalytic active sites compared with inactive ones, allowing a surface's activity to be mapped directly. Furthermore, the authors show that the magnitude of the noise correlates with the relative activity of different types of active site.
The authors resolve electrocatalytic activesite locations in situ with an unprecedented resolution of about 1-2 nm, but they do not yet reach the ultimate goal of catalysis science: the detection of active sites on solid catalyst surfaces with atomic resolution, in a way that also allows reaction intermediates to be identified and their sequence to be followed. One issue limiting the spatial resolution of the technique is that the products diffuse from the active site, making the area in which noise is observed larger than the true active site (probably by a factor of roughly twice the tip-substrate distance, approximately 1 nm).
The technique might also be limited by the materials to which it can be applied. Active sites on materials that have very low activity, or those where the active sites are distributed across the surface and closely spaced (near to the resolution of 1-2 nm) could be challenging to observe, because changes in noise will be small. Studying samples that are not close to being atomically flat may also be difficult.
Nonetheless, the new work is a breakthrough that opens up many opportunities for research. One system of interest for future study is nickel-iron oxyhydroxide 9 , which is among the fastest catalysts for water oxidation in alkaline conditions -a key process in the electrochemical splitting of water into hydrogen and oxygen. Does water oxidation occur at the edge or surface of these twodimensional materials?
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Sexual attraction channelled in moss
An analysis reveals that both sexual reproduction and early-embryo development in the moss Physcomitrella patens are controlled by cellular calcium influxes through ion-channel proteins. See Letter p.91
